INTRODUCTION
============

Divalent metal ions are required for catalysis by many enzymes that carry out nucleic acid phosphoryl-transfer reactions. It has been proposed for many such enzymes that rate enhancement is mostly due to metal--nucleic acid interactions in the transition state, and the role of the protein scaffold is mainly to bind and position the metal ions and substrates ([@b1],[@b2]). This may explain the ability of dissimilar metal binding protein and RNA enzymes to carry out related chemical reactions ([@b3]--[@b5]).

The role of bound metals has been studied extensively for members of the ribonuclease H (RNase H)-like enzyme superfamily, which includes RuvC resolvase, bacterial and retroviral RNase Hs, bacterial transposases and retroviral integrases, all of which carry out polynucleotide phosphoryl-transferase reactions. These enzymes have similar secondary structures within their catalytic domains. The protein folds bring together three or four conserved acidic residues that are thought to be involved in metal coordination ([@b4]--[@b7]). These enzymes can utilize Mn^2+^ and/or Mg^2+^ for catalysis, though other metal ions can bind and for some enzymes support partial function ([@b8]--[@b12]).

Three hypotheses for metal binding by RNase H-like enzymes have been proposed. Several RNase H enzyme structures determined by X-ray crystallography have been shown to contain two metal atoms bound at the active site ([@b12]--[@b14]), but the majority of structures have only one bound metal ([@b9],[@b15]--[@b19]). The latter observation supports the second hypothesis that only one metal is involved catalytically ([@b16],[@b20],[@b21]). However, observation of a single bound metal in the absence of substrate could reflect the need for nucleic acid substrate binding to stabilize metal binding at the second site. As a third possibility, it has also been proposed that two metals bind, with the first activating catalysis and the second inhibiting ([@b22]).

The human immunodeficiency virus (HIV) integrase (IN) is a member of the RNase H-like superfamily and has been extensively studied for metal binding at the D,DX~35~E motif (composed of D64, D116 and E152). Several structural studies of retroviral INs in the absence of DNA substrate have reported binding of a single Mg^2+^ ion between the two aspartate residues ([@b8],[@b17],[@b18]), but none have shown Mg^2+^ binding at the second site between residues D64 and E152. Crystal structures of the avian sarcoma virus (ASV) IN in the presence of Cd^2+^ or Zn^2+^ ions revealed two bound metals at the catalytic triad ([@b8]). However, these complexes did not retain normal catalytic activity, complicating interpretation.

In a previous study, binding of divalent metal ions by the HIV-1 IN catalytic triad was investigated using metal rescue of cysteine substitutions ([@b23]). The metal rescue technique has been used to map metal binding sites for ribozymes, such as the Tetrahymena group I ribozyme or the human spliceosome ([@b24]--[@b27]) and protein enzymes, such as NAD-dependent isocitrate dehydrogenase, *Escherichia coli* DNA polymerase I and RNase H-like enzyme superfamily members ([@b28]--[@b33]). Metal rescue takes advantage of the unique property of Mn^2+^ to bind tightly to sulfur atoms, while Mg^2+^ ions bind much more weakly. For analysis of ribozymes, sulfur substitutions have been carried out with oxygens in the substrate or nucleophile RNA, while for protein enzymes, suspected metal binding residues can be tested by replacement with cysteines. If the mutated motif has a necessary interaction with metal ions, then the enzyme will not be functional in reactions with Mg^2+^, but may be functional in the presence of Mn^2+^, indicating a requirement for metal binding. These assays have been used to analyze metal binding by HIV-1 IN, and indicated functional metal binding by residues D64 and D116, but did not show activity with either metal for E152C ([@b23]). It was unclear whether the absence of activity for the E152C IN was due to a lack of metal binding by that residue or a lack in assay sensitivity.

Here, we report an ultra-sensitive assay for measuring nucleic acid transesterification reactions *in vitro* and its use to investigate metal-mediated catalysis by HIV-1 IN. The assay is based on the HIV-1 IN disintegration reaction ([@b34]), which is a DNA transesterification reaction that reverses the normal integration reaction catalyzed by HIV-1 IN ([Figure 1A](#fig1){ref-type="fig"}, see legend for details). In disintegration, the 3′ hydroxyl of the target DNA at the insertion site attacks the DNA backbone between the viral and target DNA, thereby joining the target DNA segments and releasing the viral LTR end. Similar activities have been reported for the RAG-1 recombinase involved in V(D)J recombination ([@b35]), and the Mu transposase ([@b36]). To boost the sensitivity, we developed lengthened disintegration substrates, which allowed PCR amplification and TaqMan detection ([Figure 1B](#fig1){ref-type="fig"}), which greatly increases sensitivity over previous assays.

We used this assay to probe three aspects of metal-mediated catalysis by HIV-1 IN. First, we demonstrate metal rescue for HIV-1 IN derivatives containing cysteine substitutions at all three residues of the catalytic triad, including E152. These studies established that two metal ions are likely involved in catalysis and support the idea that this is generally true for the retroviral INs. Second, we used this assay to measure DNA transesterification reactions on a related substrate with a 5′ hydroxyl functioning as the nucleophile instead of a 3′ hydroxyl. We found that HIV-1 IN was able to catalyze transesterification at a low level on this substrate as well, but was more selective for metal ion usage than seen for the standard substrate. In the third application, we took advantage of the exceptional sensitivity of the assay to detect transesterification in the presence of Mn^2+^ alone in the absence of a protein enzyme scaffold. This allowed us to estimate the rate enhancement contributed by binding of the metal and DNA substrate to the IN-protein scaffold as at least a factor of 60 million.

MATERIALS AND METHODS
=====================

Enzymes
-------

Protein expression vectors used encode IN derived from the NL4-3 strain of HIV-1 fused at the N-terminus to a hexahistidine tag and thrombin cleavage site. All vectors were generated using site-directed mutagenesis and were described previously ([@b23],[@b37]). The wild-type (WT) IN used contains the F185H solubility improving substitution.

Protein expression and purification was carried out as described previously for this vector ([@b38]). IN containing plasmid constructs were transformed into BL21-CodonPlus(DE3)-RIL *E.coli* cells (Stratagene), and protein expression was induced with 150 μM isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside (IPTG) at an OD~600~ of 0.5. After 3 h at 37°C, cells were harvested and pellets were flash frozen in liquid nitrogen and stored at −80°C. Cell pellets from induced cultures were resuspended in lysis buffer \[20 mM Tris--HCl (pH 7.9) and 200 mM NaCl\] and lysed with 2 mg/ml lysozyme. Proteinase inhibitor cocktail I (1×; Calbiochem) and 10 mM CHAPS (Sigma--Aldrich) were added, and the solution was brought to 1 M NaCl, 5 mM β-mercaptoethanol (β-ME) and 5 mM imidazole. The lysate was then sonicated and cleared by centrifugation and passage through a 0.45 μM filter. The sample was loaded onto a Ni-nitrilotriacetic acid agarose resin (Invitrogen) that was previously equilibrated with binding buffer \[1 M NaCl, 20 mM Tris--HCl (pH 7.9), 5 mM β-ME, 10 mM CHAPS and 10 mM imidazole\]. The column was washed with binding buffer and wash buffer \[1 M NaCl, 20 mM Tris--HCl (pH 7.0), 5 mM β-ME, 10 mM CHAPS and 25 mM imidazole\]. Finally, the column was eluted with elution buffer \[1 M NaCl, 20 mM Tris--HCl, 5 mM β-ME, 10 mM CHAPS and 0.2 M imidazole\], and buffer exchange was carried out using a YM-30 Centriprep (Millipore) to transfer the protein into IN storage buffer \[ISB; 20% glycerol, 727 mM NaCl, 7.27 mM HEPES (pH 7.5), 7.27 mM β-ME and 7.27 μM ZnSO4\].

Oligonucleotides
----------------

All oligonucleotides were purchased from Integrated DNA Technologies. The PCR-boosted disintegration substrate ([Figure 1B](#fig1){ref-type="fig"}, top) consists of four oligonucleotides, U5CA-20 d(ACTGCTAGAGATTTTCCACA), U5T-55 d(TGTGGAAAATCTCTAGCACATTCCTTATCCCACTAGCTCTCTCGACGCAGGACTC), TTop-60 d(GTGTGCCCGTCTGTTGTGTCTCTCAGTGGCGCCCGAACAGGGACACATTACTTATCTAC) and Tbottom-32 DNA d(AGTGGGATAAGGAATGGTAGATAAGTAATGTG) or Tbottom-32 RNA r(AGUGGGAUAAGGAAUGGUAGAUAAGUAAUGUG). As seen in [Figure 1B](#fig1){ref-type="fig"}, the substrate encodes the viral U5 terminus (LTR end) and a region representing target DNA (target). Primers for product quantification are Dis F d(TGTGTGCCCGTCTGTTGTGT), Dis R d(GAGTCCTGCGTCGAGAGAGC), and the TaqMan^®^ Probe, Dis Probe \[5′-FAM-d(CAGTGGCGCCCGAACAGGGA)-TAMNph-3′\]. A 97mer oligonucleotide, Dis Full-97 d(TGTGTGCCCGTCTGTTGTGTCTCTCAGTGGCGCCCGAACAGGGACACATTACTTATCTACCATTCCTT ATCCCACTAGCTCTCTCGACGCAGGACTC), representing the expected disintegration product was used to generate a standard curve.

A 'reverse polarity' substrate (Figure 4A) was also constructed using Tbottom-32 RNA (see above), U5--18 d(TGTGGAAAATCTCTAGCA), Ttop-37 d(CATTCCTTATCCCACTAGCTCTCTCGACGCAGGACTC), and TU5--78 d(TGTGTGCCCGTCTGTTGTGTCTCTCAGTGGCGCCCGAACAGGGACACATTACTTATCT ACTGCTAGAGATTTTCCACA). Primers for product quantification are the same as those used for the standard substrate ([Figure 1B](#fig1){ref-type="fig"}, upper).

Substrates were made by mixing the constituent oligonucleotides at a concentration of 800 nM each in water (test reactions were performed with substrates annealed in 0.1 M NaCl and results were unchanged) and slow cooling from 95°C (all DNA substrates) or 65°C (RNA containing substrates) down to 4°C at a rate of 0.5°C per 1.5 min. For reaction containing radiolabeled substrate TTop-60 (see above) was 5′ end-labeled with \[γ-^32^P\]ATP using polynucleotide kinase. The radiolabeled oligonucleotide was then annealed to the other oligonucleotides as above. The annealed substrate was applied to a G50-microspin column to remove unincorporated \[γ-^32^P\]ATP. For reactions with radiolabeled PCR primer, Dis F was 5′ end-labeled with \[γ-^32^P\]ATP using polynucleotide kinase and was then applied to a G50-microspin column to remove unincorporated \[γ-^32^P\]ATP.

qPCR-based disintegration assay
-------------------------------

Unless otherwise noted, reactions were carried out in 40 μl total volume with 30 nM substrate, 19.8 μM HEPES (pH 7.3), 1.8 mM β-ME, 10 mM MnCl~2~ or 20 mM MgCl~2~, and 1 μM IN. Reactions were started by addition of 2 μl 20 μM IN (diluted in ISB). Reactions were incubated at 37°C for the indicated length of time and stopped by addition of 5 μl of a solution of 4.5% SDS and 1.35 mg/ml Proteinase K (Roche Applied Science) and incubation at 37°C for an additional 45 min. Reactions were heated at 65°C for 5 min prior to purification via the QIAquick Nucleotide Removal Kit (Qiagen). DNA was eluted in the provided Buffer EB.

Reactions were quantified by real-time qPCR after dilution in Buffer EB to obtain DNA samples in the linear range. qPCR were carried out in 25 μl total volumes on an ABI Prism 7700 (Applied Biosystems) using the TaqMan^®^ Universal PCR Master Mix (Applied Biosystems), 300 nM each primer, 200 nM Late-RT-Probe. A total of 5 μl of reaction sample or standard curve were added per reaction. The universal cycling conditions (50°C 2 min, 95°C 10 min, 40 cycles of 95°C 15 s and 60°C 1 min) recommended by Applied Biosystems were used.

Comparative reactions with ^32^P-labeled substrate followed the same protocol for the transesterification portion of the qPCR-based disintegration assay and were stopped by addition of 200 μl formamide loading buffer \[80% (w/v) deionized formamide, 10 mM EDTA (pH 8.0), 1 mg/ml xylene cyanol FF and 1 mg/ml bromophenol blue\] rather than by SDS/Proteinase K treatment and nucleotide removal kit. A total of 5 μl of each reaction was applied to an 8% denaturing-polyacrylamide gel and analyzed using OptiQuant software on a Storm PhosphorImager (GE Healthcare).

Reactions quantified using ^32^P-labeled Dis F primer were performed on 1000-fold dilutions of nucleotide removal kit purified transesterification reactions using the same conditions as for the qPCR analysis (no probe was added). PCR products were diluted 5-fold in formamide loading buffer (see above) and 5 μl of each sample was analyzed by 8% denaturing-polyacrylamide gel as discussed above.

qPCR-based DNA transesterification reactions with metal only
------------------------------------------------------------

These reactions, carried out in the absence of IN, followed the protocol discussed above. Reactions were carried out in a 40 μl total starting volume with 30 nM substrate, 19.8 μM HEPES (pH 7.3), 1.8 mM β-ME and EDTA or metal at the indicated concentration. Reactions were dehydrated by SpeedVac without heating for 5 h, followed by heating of the dried pellet at 95°C for the indicated length of time. Dehydrated and/or heated reactions were resuspended in 40 μl H~2~O at room temperature for 5 min with periodic vortexing. Reactions were purified via the Qiaquick Nucleotide Purification Kit as discussed above for IN containing reactions. Analysis of reaction products via TaqMan qPCR or \[γ-^32^P\]ATP labeled LRT F primer was performed as described above.

RESULTS
=======

qPCR-based assay for disintegration
-----------------------------------

We developed a qPCR assay to boost the sensitivity for detecting disintegration ([Figure 1B](#fig1){ref-type="fig"}). In previous studies, disintegration assays were carried out using ^32^P end-labeled oligonucleotides, with the label attached to the nicked target strand, so that disintegration generated a longer strand ([Figure 1A](#fig1){ref-type="fig"}, star). The longer DNA product strand could then be quantified using PhosphorImager analysis.

To increase the assay sensitivity, a substrate was designed composed of the four oligonucleotides indicated in [Figure 1B](#fig1){ref-type="fig"}, which annealed to form a DNA three-way junction. The substrate models a single HIV-1 LTR end inserted into a target DNA. The target DNA has a 16 nt double-stranded region on either side of the LTR insertion and single-stranded extensions 5′ and 3′, which contain regions for the binding of primers and a TaqMan probe. The transesterification reaction involves attack of the free 3′ hydroxyl on the phosphodiester between the LTR and target DNA segments, removing the LTR duplex and joining the target DNA to form a 97mer product. The 97mer product can be quantitated using TaqMan based qPCR.

A single-stranded oligonucleotide matching the 97mer disintegration product was synthesized and used to make a standard curve for quantitation of PCR products (see [Figure 2A](#fig2){ref-type="fig"}). Amplification of dilutions of the 97mer for standard curve generation yielded reproducible signals with correlation coefficients \>0.99.

Our first substrate design using all DNA oligonucleotides was not successful. The amounts of apparent disintegration product detected using the qPCR-based disintegration assay were roughly 1000-fold less than the amount detected in identical reactions using end-labeled substrates analyzed by gel electrophoresis (data not shown). As one possible improvement, we substituted the bottom DNA strand (Tbottom-32) with an RNA strand of identical length and sequence, based on the idea that the Tbottom-32 strand inhibited elongation during PCR, and an RNA strand could be degraded by addition of RNase. Much higher levels of product were detected in the qPCR-based disintegration assay in reactions containing the RNA Tbottom-32 strand (data not shown). Subsequent experiments showed that it was not necessary to add RNase, possibly because the RNA strand was destroyed during thermocycling. Comparison of disintegration reactions using ^32^P-labeled substrates with either RNA or DNA Tbottom-32 strands showed indistinguishable amounts of product formation, indicating that the RNA strand was influencing the PCR detection step and not the disintegration reaction itself (data not shown). The Tbottom-32 RNA strand was thus used in all subsequent assays.

In order to assess the sensitivity of the qPCR-based disintegration assay, we carried out disintegration reactions in the presence of decreasing concentrations of HIV-1 IN and quantified them using the qPCR and the ^32^P methods. For the qPCR-based detection, reaction products were diluted up to 250 000-fold in order to obtain measurements in the linear range of the standard curve ([Figure 2B](#fig2){ref-type="fig"}). In our test reactions, the lowest concentration of IN used, 0.0016 μM, generated product that was well within the linear range, even at a 50 000-fold dilution. Reactions performed in the absence of IN did not yield product after 40 cycles of amplification.

[Figure 2C](#fig2){ref-type="fig"} displays products of transesterification reactions carried out using ^32^P-labeled substrate and analyzed by 8% denaturing-PAGE. Product formation was detectable for the three highest concentrations of IN, but was less evident with 0.08 μM or 0.0016 μM IN. The product size matched the labeled 97mer oligonucleotide marker as expected. The percent of substrate converted to product was measured using ImageQuant software and converted to the total number of product copies ([Figure 2D](#fig2){ref-type="fig"}). The dashed line in the graph represents background in the no IN control. The 0.008 μM IN reaction product is slightly above background, while the 0.0016 μM IN sample is below background. We have not made a specific effort to determine the lowest amount of product detectable using the qPCR-based assay. However, comparison of the product conversion measured under conditions of very low activity (see below) indicate that the qPCR-based disintegration assay is at least 1000-fold more sensitive than the ^32^P-based assay.

Metal rescue analysis of cysteine substitutions in the HIV-1 IN active site
---------------------------------------------------------------------------

We examined the disintegration capabilities of HIV-1 IN variants containing alanine and cysteine substitutions within the conserved D,DX~35~E catalytic triad in order to assess the role of metal binding in the active site ([Figure 3](#fig3){ref-type="fig"}). It has been hypothesized that the D64, D116 and E152 residues of HIV-1 IN coordinate two divalent metal ions ([Figure 3A](#fig3){ref-type="fig"}). The wild-type glutamate and aspartate amino acids are capable of binding both Mn^2+^ and Mg^2+^. In contrast, cysteines can bind tightly to Mn^2+^, but not to Mg^2+^. Cysteine-substituted INs that are functional in the presence of Mn^2+^, but not Mg^2+^, reveal amino acids that interact directly with metal ions during enzyme catalysis. Alanine can not bind either divalent metal ion, so alanine substitutions serve as negative controls.

In these studies, we analyzed the disintegration activity in the presence of 10 mM MnCl~2~ or 20 mM MgCl~2~. These metal concentrations were chosen because they showed the highest amount of product conversion during metal titration experiments with wild-type (WT) IN (data not shown). As seen in [Figure 3B](#fig3){ref-type="fig"}, WT IN was able to convert 1.44 ± 0.49 (×10^11^) copies of substrate to product using Mn^2+^ as the coordinating metal ion during a 4 h disintegration reaction. At optimized metal concentrations, activity in the presence of Mg^2+^ was 20% lower than in the presence of Mn^2+^. The initial rate of product formation was estimated at 51.03 ± 7.47 (×10^−6^) product copies generated per minute per molecule IN for the first 60 min in Mn^2+^ containing reactions, and 15.10 ± 1.23 (×10^−6^) product copies generated per minute per molecule IN in Mg^2+^ containing reactions. IN is a sluggish enzyme *in vitro*, perhaps because it needs to carry out each reaction step only once *in vivo*. Turnover is very slow, but has been detected in specifically designed experiments ([@b39]).

The D64A IN did not convert any detectable substrate to product in either Mn^2+^ or Mg^2+^. The D64C IN was able to generate disintegration product in the presence of Mn^2+^, but not Mg^2+^, indicating functional binding of the Mn^2+^ ion to the cysteine residue ([Figure 3B](#fig3){ref-type="fig"}). A time course for D64C showed that the initial rate of product conversion for D64C in the presence of Mn^2+^ was about 2.35 ± 0.21 (×10^−6^) product copies generated per minute per molecule IN.

In the presence of the D116C there was a large increase in activity with Mn^2+^, while no activity was detected with Mg^2+^. For the D116A IN there was a low, but measurable, amount of product formed in the presence of Mn^2+^ (4- to 5-fold lower than the D116C IN at 4 h), but not in the presence of Mg^2+^. This may indicate that D116 is not as critical for metal binding as the other two members of the catalytic triad. For several other members of the RNase H family, low levels of activity have also been seen with corresponding amino acid substitutions ([@b12],[@b14],[@b22],[@b40]). The rate of product formation during a 60 min time course with Mn^2+^ was measured and the D116C IN was found to generate about 19.09 ± 1.00 (×10^−6^) product copies per minute per molecule IN compared to about 1.79 ± 0.14 (×10^−6^) product copies generated per minute per molecule IN for the D116A IN in the presence Mn^2+^.

We next tested the E152A and E152C INs ([Figure 3C](#fig3){ref-type="fig"}), which previously had undetectable activity. The E152A IN showed no detectable activity in a 4 h disintegration reaction. The E152C IN, on the other hand, was able to produce product in the presence of Mn^2+^, and not in the presence of Mg^2+^, revealing functional metal binding by the cysteine residue. As seen in [Figure 3D](#fig3){ref-type="fig"}, there was increased product formed over time by the E152C enzyme in the presence of Mn^2+^. The rate over the first 60 min was estimated at 0.564 ± 0.058 (×10^−6^) product copies generated per minute per molecule IN, which is 1% the rate measured for the WT IN.

In order to verify that the product measured in E152C IN reactions was the expected transesterification product, we amplified the reaction product using a radiolabeled Dis F primer instead of carrying out qPCR with the TaqMan probe. The PCR products were compared to a ^32^P-labeled synthetic 97mer oligonucleotide matching the expected product ([Figure 3E](#fig3){ref-type="fig"}). The 97mer product comprised 70--90% of the detectable product in reactions containing WT IN in the presence of either metal cofactor. No product was seen for the E152A IN with either metal ion. For E152C IN, 90% of product was the expected 97mer and it was only detected in the presence of Mn^2+^. The doublet seen for WT IN is either a PCR artifact, an artifact resulting from overloading the gel well or the result of a low level of transesterification involving another phosphodiester.

In the next sections, we present two further uses of the qPCR-based disintegration assay in studies of HIV IN. In the first, we show that transesterification by IN can involve a DNA 5′ end as well as a 3′ end. In the second, we detect catalysis in the presence of metal atoms only, allowing an initial estimation of the rate enhancement contributed by the protein scaffold of the IN enzyme.

WT IN activity on a substrate with reversed chemical polarity
-------------------------------------------------------------

In order to examine alternate transesterification reactions, we designed a new substrate ([Figure 4A](#fig4){ref-type="fig"}) in which an exposed 5′ hydroxyl is present near the joining point of the 'target' and 'LTR' DNA analogs, rather than the standard 3′ hydroxyl. In reactions with this reversed polarity substrate, product will be measurable only if the free 5′ hydroxyl is able to act as a nucleophile for attacking the backbone to form the 97mer product. As seen in [Figure 4B](#fig4){ref-type="fig"}, the wild-type IN was able to generate product over time in the presence of Mn^2+^ on the reverse polarity substrate. Product was not observed in the presence of Mg^2+^. The rate of product formation in the presence of Mn^2+^ was 1.07 ± 0.14 (×10^−6^) product copies generated per minute per molecule IN, about 1% of the rate with WT IN. We also attempted to test the alanine and cysteine-substituted enzymes on this substrate. No activity was detected, indicating a lack of metal rescue (data not shown). This may be due to suboptimal positioning of the alternate substrate in the active site of IN confounded by the presence of amino acid substitutions, which alter the conformation of the active site.

DNA transesterification reactions in the absence of protein
-----------------------------------------------------------

In order to study the rate enhancement contributed by the IN-protein scaffold, we assayed disintegration in reactions containing metal ion cofactors without added protein catalyst. For these reactions we used the standard disintegration substrate and buffer conditions as used for IN reactions and compared different metals or no added metal (100 μM EDTA) in the absence of IN. We initially scanned a wide range of conditions, including comparing incubation at either 37 or 95°C for up to 24 h. In one test, reaction mixtures were dehydrated in a SpeedVac before heating at 95°C.

Dehydrated reactions mixtures incubated at 95°C produced measurable amounts of transesterification product ([Figure 5](#fig5){ref-type="fig"}). In contrast, 37°C incubation (either with or without dehydration) did not yield any detectable product (data not shown). [Figure 5A](#fig5){ref-type="fig"} shows an example of a time course carried out at 95°C in the presence of either 50 mM MnCl~2~ or 100 μM EDTA. Product for the MnCl~2~ reactions was distinguishable from the EDTA control reactions after 1 h of incubation, and continued product formation was seen up to 22 h in the presence of MnCl~2~. We consistently saw a reduced rate of product generation at longer times, perhaps due to competing DNA degradation under the extreme conditions used. We also carried out assays under the same conditions in the presence of 50 mM MgCl~2~, but no product was detected (data not shown). The product structure was characterized by PCR amplification with labeled primers, followed by electrophoresis on DNA-sequencing-type gels ([Figure 5B](#fig5){ref-type="fig"}). The product of the reaction in the presence of Mn^2+^ showed the expected 97mer length. Small amounts of product were detected in the EDTA control as well, but these were lower in abundance than the 50-copy standard and are of uncertain significance.

These measurements allow us to make an initial estimate of the rate enhancement in the disintegration reaction resulting from binding the metal atoms and DNA to the IN-protein scaffold. The reaction conditions in the presence and absence of IN are quite different, so the value represents an initial estimation of a lower limit. We compared the initial rate of product formation per minute between reactions at 37°C with 1 μM WT IN (first 60 min) and 10 mM MnCl~2~ to reactions at 95°C with no IN and 50 mM MnCl~2~ (first 180 min). For WT IN the rate of product copies generated per minute was 1.23 ± 0.18 (×10^9^) and for the reactions without IN the rate of product copies generated per minute was 1.09 ± 0.10 (×10^3^). In order to account for the difference in temperature, we corrected by the temperature coefficient (Q~10~), estimating a 2-fold increase in rate for every 10°C increase in temperature ([@b41]). Thus if the enzymatic reactions were carried out at 95°C (and the enzyme was still stable) the rate would be increased theoretically by a factor of 56, to 6.9 × 10^10^ product copies generated per minute. That indicates that the protein scaffold of the HIV-1 IN increased the rate of DNA transesterification by a factor of at least 60 million.

DISCUSSION
==========

In this study, we present a sensitive and quantitative assay for measuring DNA transesterification reactions based on the disintegration reaction of retroviral INs. This was made possible by adding a TaqMan real-time PCR detection step, which was found to increase sensitivity at least 1000-fold over previous assays using radiolabeled substrates. We used the new method to investigate three issues surrounding the role of metal atoms in catalysis by HIV IN. These are discussed sequentially below.

Previously, our laboratory investigated the role of the conserved acidic residues of HIV-1 IN by monitoring metal rescue of cysteine substitutions ([@b23]). No activity was detected for E152C, leaving open the role of this residue. Similar studies have been carried out on other RNase H-like superfamily members, such as Tn7 TnsA ([@b31]), Tn10 transposase ([@b28]) and RAG1 ([@b29],[@b30]). For Tn10, all three residues of the catalytic triad were found to coordinate metal ions, while the other studies only showed functional metal binding by metal rescue for one of the three residues. For the enzyme family more broadly, there has been debate over whether the enzymes utilize one or two metal mechanisms for catalysis ([@b16],[@b20],[@b21]). Thanks to the increased sensitivity provided by the real-time PCR step, we were able to observe metal rescue for the E152C IN ([Figure 3C](#fig3){ref-type="fig"}), as well as confirm rescue of the D64C and D116C INs ([Figure 3B](#fig3){ref-type="fig"}). As expected, product formation was not observed for the E152A IN with either metal ion and no product was formed with E152C IN in the presence of the Mg^2+^. The activity with E152C in Mn^2+^ was only 1% that of WT IN, but the specificity for the cysteine versus the alanine residue and Mn^2+^ versus Mg^2+^metal supports the idea that E152 is normally involved in metal binding. The activity of E152C IN may have been reduced compared to wild-type IN because the E152 side chain makes additional contacts besides binding to a single metal atom and/or because the cysteine side chain is shorter than that of glutamate, potentially resulting in suboptimal positioning of the metal atom in the active site. These results support the model shown in [Figure 3A](#fig3){ref-type="fig"}, where all three catalytic residues coordinate the binding of two metal ions that carry out catalysis, and argue against the idea that the second metal might be inhibiting catalysis. We disfavor the view that all three acidic residues bind a single metal ion, since that would be inconsistent with the geometry in [Figure 3A](#fig3){ref-type="fig"}. Because IN-protein is does not turnover efficiently *in vitro* and is not amenable to detailed kinetic analysis, it has not been possible to assign the effects of metal atoms to specific steps in the reaction pathway. Thus strictly speaking, complicated models are not ruled out in which the Cys--metal complexes in the rescue experiments are acting differently than the carboxyl--metal complexes in wild-type IN. However, together with the results on the Tn7 and Tn10 transposases, these results are most simply interpreted as evidence that IN/transposase enzymes of the RNase H-like superfamily probably all use two divalent metal ions for catalysis.

We also used the qPCR-based assay to examine catalysis on a reverse polarity substrate, which has a free 5′ hydroxyl at the junction of target DNA and the LTR end instead of a 3′ hydroxyl. The wild-type HIV-1 IN was capable of catalyzing a DNA transesterification reaction on this substrate in the presence of Mn^2+^, but not in the presence of Mg^2+^. In attempted metal rescue experiments, no activity was detected for any of the cysteine-substituted INs with either Mn^2+^or Mg^2+^. Possibly incorrect positioning of the substrate within the enzyme active site made it difficult for the enzyme to act in the presence of further impaired enzyme/metal combinations. Whether this reaction has any biological role is unknown. The finding that a 5′ hydroxyl can be recruited by IN to participate in transesterification adds to the surprisingly wide range of hydroxylated compounds reported to function as nucleophiles in the presence of Mn^2+^, including 3′ hydroxyls of various nucleotides and a variety of vicinal alcohols ([@b42]--[@b46]).

The increased sensitivity of the qPCR-based assay also provides a convenient and quantitative method for investigating novel catalysts of DNA transesterification reactions. Here, we investigated metal-mediated catalysis in the absence of a protein enzyme. Previously, it was suggested that, for enzymes binding two metals, the metal atoms may be responsible for most of the catalytic contacts in the transition state, while the protein serves to bind and orient the metals and substrates ([@b2]). According to this idea, it might be possible to detect transesterification in the presence of high concentrations of metals with a sufficiently sensitive assay. We subjected the standard substrate presented here ([Figure 1B](#fig1){ref-type="fig"}, upper) to high metal concentrations, high temperature and dehydration, which allowed detection of amplifiable product. The reaction required Mn^2+^, since product accumulation over time was only detected in reactions containing Mn^2+^, and not Mg^2+^ or EDTA.

The detection of low level transesterification in the presence of Mn^2+^ only allowed us to make a first estimation of the rate enhancement due to binding metal and reactant DNAs to the IN-protein scaffold. In previous studies of staphylococcal nuclease, the spontaneous hydrolysis rate of phosphodiesters was measured with chemical models, allowing the rate enhancement by the enzyme to be estimated as a factor of 10^17^ ([@b47]). Here we estimate that the rate enhancement of IN plus Mn^2+^ over Mn^2+^ alone is a factor of at least 60 million. This estimate is a lower bound, because the reactions were carried out under quite different conditions. For example, it is possible that the polypropylene surface of the microcentrifuge tube on which the Mn^2+^-only reaction took place played a role, as has been proposed for mineral surfaces in pre-biotic chemistry ([@b48],[@b49]). If so, the spontaneous rate in the absence of IN would be even lower. Further optimization of conditions for both the IN-catalyzed and Mn^2+^-alone reactions could also influence the measured difference in rate. Despite these uncertainties, this estimation of the rate enhancement provides new information potentially useful for quantitative modeling of active site function.

Lastly, we note that the qPCR-based disintegration assay is potentially useful for a wide range of applications that require sensitive detection of transesterification products. The RAG-1 recombinase and several bacterial transposases are known to carry out disintegration reactions, so the qPCR-based method can be used to study mutants or reaction conditions supporting only low level activity of these enzymes. The new assay also provides a method for screening candidate small molecule inhibitors of IN or other enzymes using very low amounts of reactants, made possible by the sensitive detection method. Finally, the qPCR-based assay also provides a sensitive means for scanning candidate catalysts to identify possible reactions important in pre-biotic nucleic acid chemistry.
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![Disintegration and the PCR-based disintegration assay. (**A**) Diagram of integration and disintegration. During normal integration, IN first cleaves 2 nt off the 3′ end of each LTR DNA. IN then catalyzes a coupled DNA breaking and joining reaction, which covalently joins the viral DNA 3′ end to host cell DNA. Disintegration is the reversal of the integration reaction. In disintegration, the 3′ end in the target DNA at the junction with the viral DNA attacks the nearby phosphodiester, rejoining the target DNA segment and releasing the viral DNA. For standard disintegration assays *in vitro*, a ^32^P-radiolabel is attached at the indicated 5′ end (\*), allowing detection of the larger product formed by disintegration ([@b34]). (**B**) The qPCR-based disintegration assay. The assay substrate contains four annealed oligonucleotides resembling the integration product (upper). DNA transesterification can occur on this substrate, yielding the 97mer disintegration product (middle). The product can be quantitated by TaqMan qPCR (lower). Nucleic acid 5′ ends are represented by black dots. LTR ends are represented by thick lines, while target is represented by thin lines.](gkl862f1){#fig1}

![Sensitivity of the PCR-based disintegration assay. (**A**) A standard curve was generated using 4-fold dilutions of the synthetic 97mer product oligonucleotide (Dis Full-97). The standard curve was linear and reproducible in the range tested (from ∼50 to 200 000 copies). (**B**) Disintegration reactions were carried out with dilutions of HIV-1 IN and analyzed in triplicate by qPCR. The IN reaction products were diluted by the factor shown. The threshold cycles for the IN reactions were compared to the standard curve for quantitation of product copies. (**C**) Disintegration reactions were carried out on a substrate with the Ttop-60 oligonucleotide ^32^P-labeled at the 5′ end. Reactions were analyzed by 8% denaturing-polyacrylamide gel and PhosphorImager. (**D**) The total number product copies for reactions with radiolabeled substrate were calculated after measurement of percent product conversion at each IN concentration using ImageQuant software. Assay background was determined from the reaction with no IN added.](gkl862f2){#fig2}

![Functional metal binding by all three residues of the conserved D,DX~35~E motif of HIV-1 IN. (**A**) Two divalent metal ions proposed to bind to the active site are shown interacting with the conserved acidic residues of HIV-1 IN. This model was adapted from the structure of avian sarcoma leukosis virus (1VSJ.pdb) in complex with cadmium ions ([@b8]). (**B**) Assays of WT IN and substitutions at D64 and D116. (**C**) Assays of substitutions at E152. PCR-based disintegration assays were carried out with the indicated IN derivatives in the presence of 10 mM Mn^2+^ or 20 mM Mg^2+^. Disintegration reactions were incubated for 4 h at 37°C. The amount of product copies was determined using 250 000-fold dilutions of WT IN, 50 000-fold dilutions of D64 and D116 substituted INs and 10 000-fold dilutions or E152 substituted INs in the qPCR. The total product copies generated in the disintegration reaction is graphed. A one-tailed Mann--Whitney *U*-test was used to compare three independent disintegration reactions with qPCR in at least triplicate for each of the E152A and E152C Mn^2+^ reactions or the E152C Mn^2+^ and Mg^2+^ reactions to show that the difference between the sets was statistically significant with *P* \< 0.0001. (**D**) A time course for disintegration activity with E152C IN. All error bars indicate one standard deviation around the mean of qPCR performed in triplicate. (**E**) Verification of the sizes of disintegration reaction products by PCR amplification and end labeling.](gkl862f3){#fig3}

![DNA transesterification activity of HIV-1 on a reverse polarity substrate. (**A**) Schematic of the reverse polarity substrate, which contains a free 5′ hydroxyl at the DNA three-way junction in place of the usual 3′ hydroxyl. The same primers and probe are used to measure product copies for the two substrates. The 5′ ends are noted by black dots. (**B**) A time course for DNA transesterification activity of WT IN on the reversed polarity substrate in the presence of 10 mM MnCl~2~ or 20 mM MgCl~2~. Error bars indicate one standard deviation around the mean of qPCR performed in triplicate. To show that the difference seen between reactions with Mn^2+^ and Mg^2+^ were significantly different, three independent reactions from the 2 h time point (the time point for which we had the most replicates) with triplicate qPCR for each were compared using a one-tailed Mann--Whitney *U*-test (*P* \< 0.0001).](gkl862f4){#fig4}

![DNA transesterification reactions in the presence of Mn2 alone. DNA transesterification reactions were carried out on the standard substrate in the absence of IN. (**A**) Reactions with 50 mM MnCl~2~ or 100 μM EDTA were not treated ('no dehyd') or dehydrated in a SpeedVac ('dehyd') followed by heating for the indicated amount of time at 95°C and 1/100 dilutions were analyzed by qPCR. The total product copies generated during the transesterification reaction are graphed. Error bars indicate one standard deviation around the mean of two independent transesterification reactions each analyzed in triplicate by qPCR. The difference between the reactions with Mn^2+^ versus EDTA was compared for each time point and found to be significant with a *P*-value of 0.0011, based on a one-tailed Mann--Whitney *U*-test, for all time points after 1 h. (**B**) Verification of the sizes of reaction products by PCR amplification with end-labeled primer and 8% denaturing gel electrophoresis. Products for PCRs containing 10-fold dilutions of reactions from the 22 h time point were compared to amplifications of the 97mer oligonucleotide representing reaction product and used in the standard curve. The number of copies of 97mer standard added is indicated above the autoradiogram.](gkl862f5){#fig5}
